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The effect of heat treatment of aluminium-porosilicate glass

fibre on its strength (in the range of temperatures between 50 and
50000) was investigated. “ith the aid of methods for the study of the
surface (low—tempersature adsorption, mercury poromotry) it was found
that the direct cause of the sharp decrease A in the interval

t = 200—30000 appears to be the formation of relatively coarse defects,
i.e. cracks.

On the basis of mass spectromctric measurements, and also NMR
spectra investigation of Bll nuclei, it was assumed that the lormation
of defects on the surface is associated with the chemosorption of
atmospheric oxyegen on coordinatively unsaturated centres of the surface.

The sharp drop in the strength of silicate fibres during heat
treatment in the temperature range 300 to 600" has received attention from many
workers =ince, on the one hand, the solution of this problem has an
important practical significance bhecause many in‘ustrial articles from
composite materials are operated at high temperatures and, on the other
hand, the nature of the physical mechbnism of weokening is closely
associated with the problem of the structure of glass.

Numerous studies have hecen published in which researchers
investigated the strength of sheet glass(l), and also of quartz(2) or

(3)

glass fibres of various compositions treated in the range of

temperatures hetween 100 and 800°C (see also review studies(h)).
lHowever, despite the laree numher of studies devoted to this problem,
there i< no universally accepted thcory of the mechanism of processes

vhich occur during heat trestment., In the present study, we describe

certain experiments directed towards clarifying this problem,




V'xperimental methods., The subject of the investipation was industrial

aluminium- porosilicate class fibre with a mean diameter of 6.5 H
and average strength of A7A 250 kg/me. The heat treatment of specimens
wias corried out in a muffle furnace which made i1t possible to maintain
the temperature of up to 70000 with an accuracy of ¥ 10°. The duration
of the holdine time at the given temperature was 1 hour,

The tensile strength A of initial and of heat~treated specimens
was determined using standard methods under atmospheric conditions. The
leneth of the investigcated specimen was in all cases identical and
amounted to 10 mm, The rate of the loading was always constant and equal
to 1.5 g/sec. llesides the average strength, we also measured the modulus
of elasticity ''s PResults of the measurements of mechanical properties
are shown in Vie. 1, a.

The diameter of the fibres was dctermined with the aid of MBI-6
microscope and the eyvepiece of M(OV-1-15 micrometer at a magnification
of 600, This method securecs an accuracy of measurement of ¥ 3 . More
accurate results are obtained by the interpretation of diffraction
patterns of scattered light for individual glass fibres(s). In these
measurements, as a radiation source, we used an LG-35 laser. Results
caleulated from data accor’ing to the licht scattering had an accuracy
of 1 0.0('))1, iees T 1 7, The magnitude of average ‘iameters in the
inttial fibhres obtained by both methods practically coincided. The
determination of the diameter of the heat-trented glass fibre was carried
out only on the basis of licht scattering,

The value of the =pecific surface of the fibre S, was determined
with the aid of low-tcmperature adsorption of nitrogen according to the
wr mvthod(l). For the calculation of S, we used for the surface areas

of the nitrogen molecule the violues 13.6 12 and 14.8 A2 for hydroxylated

1) Yor the investigation of the adsorption, we used a beam scnles
with sensitivity of 1,8.10-0 g ,
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(up to 30000) and dehydroxylated (betweer 300 and GoooC) specimens
respectively(6). Results of measurements of the specific surface are
shown in Fie, 2, TIn the same Fig, is shown, by a dotted line, the
value of the geometrical surface i the initial fibre S; calculated
from the mean value of the diameter.

IFor the investication of defects on the surface of glass fibre
mercury porometry was used, The possibility ol using this method for
checking the structure of the gloss fihre surface was explained in our

(7).

study The results of measurements are shown in Figs. 2 and 3 .

i'or the investigation of conversions which occur during heat-treat-

ment of the glass fibre, we used NMR for Bll

nuclei which, as is well-
known, made it possiblo(g) to trace the changes in the number of BO,

and BO3 ~roupings in horon-containing glasses. The method for measuring
and processing experimental data was described earlier in our studies(g’lo)a

The results of measurements are shown in Fie, 4,a,

I'valuation of the results

Data shown in Fig. 1,a pertaining to mechanical properties of
aluminium- borosilicate glass fibre indicate that specimens subjected

to heat-treatment for one hour undergo practically no change in strength

at temperatures up to 200°C. The heat-treatment at more elevated
temperatures leads to & sharp decrease in strength. The modulus of
elasticity ! of the investigated specimen remained practically unchanged
in the investigated range of temperatures, Similar relationships were
obtained bv several authors for different types of glasses and fibres
(see e.g. studies(g’j)) .

The observed changes in properties were explained as being due to
various causes: a) Structural reoraganisation inside the fibres; b)
Surface crystallisation; v) Non-identical heat expansion coefficients
of the surface layer and of the bulk of the glass; g) Iffect of foreign

(2),

inclu-ions on the surface ; d) Dehydration and brittleness of the

(1),

surface layer

dma
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In spite of differences in the {reatment of these experimental
re=sults, mo=t rescarch workers come to the conclu<ion that the sharp
decrease in the strencth of vlase fibre uring heot-Lreotment was caused
by the development of wrfaee defeets {oiernercocks), Ly experiments

involving treaotment ol o Fibre weohened by the heao offect in =olutions

of hydrotluoric acid, it was <hown that it- <treneth con he sianificontly
increased amd bhrouet o o tevel whiteh charaeteri=stic of olass in

. . . . , s . {11)
moenitude (accovdime to .M, hrtonev's elesceification ) .

Tn Vie, 1.b w0 vow dati 0 the cirenagth of ti1hres subjected to

. RN B ) . .
heating at 500°¢ ¢ 1 L .o suheequently treated with o mordont in ~olntions

ot hvdrofiueric acil or vorvine coneentrations,  The results show that
short=term {10 3an.a) i e 100 of heot—tveated aloss fibre in 0,082 . [l
colution in foct per=it o o+ ciemifieant increase in its strenvthe Thawe
“hows thot thy derrec-e in trensth nring heat treatment, in line with
Avsumutions in the ahove-s ntironed - tudiesa, i- associated «ith proce-ses
on it< -urfoace, Giersiare, the anelvsis of the results of the invest -
icetion of the curfoee Owe i 1o, Y. of spectal 1nterest,
The m o onitude of the  secifie —urface of the class fibre S, does
not change greatly in the ronme of temperatures hetwveen 200 and 3000C
(Fiv,2,a). A ecertain inervesse in the urlece a2t temperatures hetueen
L s00%¢ - probably wesocinted vith the release of the pmicrorountness
fron conden-ed o adeorbed odmistures, ‘\ttention was focussed on the
difference in the maunttudes S, obtained from adsorption measurements and
Sq calenlited from mensurements of the diometer. This differcnce is
apparently exilained oo the presenee on the surface of the glass fibre
af o «v tem of micradefeocte (erocks, microrouchness )., The m.gnitudes
of diamecter ahtoined tvom Livhit scattering dara alxo 1ndicate thag they
are not Jo:ondent on the tempersture of the treatment o the «cecimen,
Thus, it eoan he <tited that, 'vring the heat—-treatment in the
investigated ronge of temperatures, the moenitude ot the <pecific

surface does not change s1eonificantly, Ihrs conclu-ion 1s in acvreement

Ne
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with the finding of studyilg) in which, using a gas-chromatographie
method, the effect of heat-treitment was investipmated (under identical
temperature conditions) on the maenitude of the surface of powders from
horon-contnining glasses, The authors found that the moagnitudes of the
specific surface determined by the heat -desorption method of argon did
not change as a result of the heat-treatment of the specimen.

In 1"ig, 2,8, are ~hown the results of measurements of the volume of
defects, microcracks, on the surface of glass fibre as a functiion of the
tcmpernturoiof the «pecimen, obtuined by the mercury porometry method.
These data :how that the volume ol defects i changes sienificantly in
the rance oi temperatures of up to 200°C but increases greatly at higher
temperatures (between 200 and 50000). The decrease in the volume of
defects observed at t = 100°C s obviously associated with the commence-
ment of the process of sintering.

Therefore, after heat—treatment, data of mercury porometry directly
in'icate that the in'irect cause of the sharp decrease in streneth at
temperatures above 200%C is the development of a system of defects,
cracks, on the surface, In I'ie. 2,b is shown the dependence of the
strength of the fibre on the magnitude of the volume of defects. It is
found that, beginning with a certain eritical value Vp < 20,1077 cm‘3,
the value of 6 decresses sharply. However, the dependence 5'=f(vp)
loes not yet permit the determination of precisely which defects are
resnonsible {or the decrease in strength,

For the solution of this problem, it jg essential to examine the
histograms (porograms). Curves of the dispersion of the volume of
defects accor ine to sizes (with a reminder that the characteristic
size a in the given case appears to be the effective width of the
crnck(7)) show that, ‘u:ring heat-treatment, not all eroups of pores
change uniformly. This ix shown in Fia, 3 where, on the axis of ordinates,

is plotted the increase in the volume of defects A”i in the determined
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interval of dimensions a, pertaining to the corresponding magnitude
( .Jvi)o for the initial fibre and, #lone the axis of nahscissae, the
temperature of heat-treotnent, ‘The overall ronce of ‘imensions a was
contitionally -ivided into three eroups: micropores (betveen 25 and
100 R)' intermediote ( 100-%00 R) an! macropores (400-5500 A). An o
analysis of the result- <howed that ZSVW”“_“J”/( Z:Wl””_hn”)o is
practically independent of the temperature (not <hown in Fig, 3)

he volume of micro and macrodefects depends an the terperature
of the treatment, "L vojume of micropores decreases somewhat with an

increcse in temperdture (eurve 1 in tiv, 3) if the volume of macropores

increascs reviral times wvith an inerecsse in the temperiature of heat -
tredtments Y portienlariy chirp lnerease i observed 4t temperatures
he tween 200 gt RTINS where vy 3 =~ 101 N\ =y f
' v n < o (RN o 10y SVhan="3%00 — ’ V~'{'”l—)')l)“)o [4)

the initial specimen |

It i« pornted out thot the u<ual surface of the wlass fihre can
in the nrocecs remiin unchanged, <ince the fundamental contribution to
S s made Ly piiceronares, the valume of whieli dvcrenses sHimohily with an
inerease 15 tenper ture,  in the other hand, the shar; increase in the
volume of miaecronores {(the coantribution of which to S,y 15 insiegnificant)
with an inerecace 10 temperature to all apnearances somcwhat compensates

-for the decrease in surface necau=e of tie "« tuning over " of micro-
pores an sneh ooway o Loopike S, unchoaneed s thin the limite of  the
aecuracy of meacuremo gts,  Thns, an anilysis of the res.lts of mercury
porometry chows that the inerease in volume of defeets Jduring hent -
treatment at t o ogy Dricari by oecurs heecruse of the appearance of
relatively coarse crae o whiieh, in faet, leads to the decrense in the

strencth of the olass My hree,

. . . R . ! )
Jith the aid of N C-ectra on B nuclei, we -howed in stud|vs(,’]“'
thit, Jurine the heat—trestment. of alumininm-horcsilicate libhre
] \ Ly s . Sryer e 1 P @ g N
ino the tenperature ronee, vhieh ix of interest to us, a ~hinge occurs

in the eoardinicion number of horon ecaused hy the donor-acceptor

) el EE—————
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| interaction of atmospheric oxycen with the surface of the glass fibre
i at temperatures of between 200 and 500°C. Reflecting this process,

‘ the dependence of the number of 10, (Nh) groups to the number of

f HU3 (Nj) aroups on the temperaturc of the heat-treatment is shown in
E Fieo, h,a3 in Fie. 4,b i+ given the dependence of the amount of oxygen
C absorbed by the fibre on the temperature,

. Un replacing air by inert gas (argon) in the ampoule used for

i heat-treatment of the fibre, the value NA/N3 decreased sienificantly
in the rance of temneratures between 200 and 50000 (curves 2 in Fig,

s(ln’ll) permit us to assume that

h,a)., Conclusions derived in studie
the reduction in strength observed in the experiment and the increase
in the volume of defects are associated with the interaction of the

surface of the eloss fibre with atmosvheric oxyren, To clarify this

relation, we carricd out a series of experiments in vacuo (at a pressure

of 0.1 mm mercury colurn) and in an atmosphere of argonl.

The averace s=trength of =specimens heat-treated in arcon and in
vacuo {(curves 2 and 3 in Fig, 1) was found to be much higher than for
those heat-treated in air (eurve 1 in Fig. 1). An investiration of the
surface with the aid of merecurv porometry showed that, for fibres heat-
treated in argon, the usual volume of dvfects depends slichtly on
temperature (Fie,2,b), whilst the relative volume of microdefects
decreases more strongly and Zlv(qoq_3500)f —W¥(400-3300)0 increases with
temperature to & much lower extent than for specimens heat-treated in

air (see curves 2,4 and 1,3 in VFia. 3). iota for specimens heat-treated

in vacuo occupy an intermediate position (curve 35 in Fig. 3 ).

thus, results of the investigation of the fibre surface treated in
argon and in vocuo are inllv corrciated with data ror the strenath,
contvirming the earlier cxpressed assumption alout the effeet of atmospheric
oxyaen (in which it i+ usual to carry out the heat treitment) on the
l. ror the test, we nsed arcon brand "pure”, vithout any particular

purification, !lass-spectroscopic analysis showed,however,that the ons
we used contained detectable admixtures of niirocen and oxygen

(0.5 and 0.4% respectively).

- .._.—___M———-————‘
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strenaeth of glass fibre, Nesults we obtuined (Fies.la, 2b and 3)
confirm that even small anounts of oxyeen (admixtures in Ar, insuffic-
iently high vacuum ) ean lead to a visible recuction in streneth during
, . . . - . S o00%¢
t'e heat—treatment of olasa fibre { at t 220070C),

. (3 : .

In agreesent with <tudy s Lwo Lvpes of processes occur Jduring the
heat—treatment of t o ecleoss fibre, In the fir<t, a tronsition of
structural clements of the fibre into an equilibrium state tiakes place
whiceh i- characteristic of bulk class and is accompanied by an increase
in density ant by o reduction in the strenmth of the bond between
~tructural groups of t'ie «lass hecause of voariations in temperature,
This= process Yeads to o monotonic decrease in streneth as a function
of the “urotion of heat—trestment, In the second, “‘uring operation of
the heat—treatient in an osyveen-—conti ining medium (e.o. air) at temper-—

RN , . . .
atures above U007C, the surface of the glascs fibhre chemically absorbs
ovveen teading to a chionge in the surroun'ines of the coordinatively
un-nturated atome, i.¢4 horon, oluminivm and alse (accordimg to certain

(1%,

commnications =1 licon,

Dats available 1 the literature in'icate that @'ditions of bovon
and aluminium introdueeced into -1lica mloss and ¢iliea impart sharply
expressed cheposorntive properties with respect to molecules able  to

, . . (1%} . . ,
enter iato ¢ conrdinacion hond . The presence of charosorptive gas-
—~nccentor rmolecules i~ hound to lead to o deformation of intremolecular

. . 1) ; )
bonds in the =urface loaver an’, con~equently, nroduces a stressed
“tate of the surfaece, “ince it secn~ that the seat of the location of
axvaen annears to contaoin the most active portions, i.e, the surfaces
of crick-defects, rupiure of molecular bonds cion be expected espeeinlly
in thece areas an’, consequently, the development of the volume of
e feocts,

thvionsly, an opporite process of recucing surface stresses is also

nncsible, or that, obviously, it is exsential to remove the chero-

sorptive oxveen fro: the <urface or replace it by hydroxyl eroups,

. : ~————. ~wuam—‘nnu—wwil
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As is well-known, treatment of the surface by solutions of hydrofluoric
acid leads to the recovery of the strenath, Data obtained in the present
study show (Fig.]) that the effect of reinforcement is the greater the
more “iluted the Hi" solution (treaotment in a 0,02 < U ircreased 6Jup
to 220 kg/mm2 whilst, using a 1,5 ¢ IIF, we only succeeded in attaining
170 kg/mmg). ‘loreover, the treatment of a fibre heat—treated in air
with distilled water also leads to a sharp increase of the strength up
to a level 200 kg/mmﬂ. A similar effect was observed in study(ls)
in which an increase was observed in @& of high-strength heat-treated
shect glass durine its treatment by woter. The authors explained this
phenomenon by the "plasticising" action of water on the surface of glass.
The observations made in the present study show that the cause for
the increoase in the strength of heat-treated fibres after "etching"” is
obviously not so much hecause of the removal of the defective surface
layer, as is ecencrally nssumed(ll), hut hecause of the chemical modific-
ation oi the surface. In stuﬂy(lo), it wrs shown that, ‘uring the
treatment of gluss fibre heat-treated in air at 50000 in 8 0.2 ' HF,
the ratio of Nj/N3 is vi=ibly reduced which in‘icates the rupture of
some of the coordinative bonds,
Therefore, the obtained results testify that the sharp decrease
in strencgth during short heat-treatment of aluminium-borosilicate
class fibre is not the result of hi¢» temperztures, but is vroduced
bv the interaction of coordinatively unsaturated centres on the glass
surface with the surroun'ing atmosphere (atmospheric oxygen). The
mechanism suceested for the reduction in strength during heat-treatment
of glass f{ibre is probahly taking place not only in the case of
#luminium-~ borosilicate rlass fibre, but alse in other silicate fibres,
It is not impossible that, under conditions of sharp cooling during
the drawing-oul of a . rticeuls Jibre, aroupings of lower non-stoichio-

metric oxides of silico. types of Si0 chains) may lorm oun its surface

which, /‘uring repeated heating-up to temperatures of more than 300°C
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in ordinary air, may dcecompose by chancing to 8 stable state(SiUg)(lq).
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1. Change in the strength properties of the gliss fibre orising from

the treatment

a, Dependence of tensile strenmth 67°(1-3) and of moilulus of
elasticity E on the temperature of the heat—treatment t during a
holding time of 1 h;

b, dependence of the strength o!f the gliss fibre heat-treated at
t = SOOOC on the duration of the treatment 2 in solutions of
hydrofluoric acid : 1- 0,5 7 HoFo 5 2- 0,2 135 3=~ 0,02 s
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2,a. Dependence of the magnitude of the specific surface S, (1) and of
the specific volume of defects (cracks) vp {(2) on the temperature
of the heat treatment;

b. Change in the strenath of the glass fibhre 4~ as a function of the

spexific volume of defects p ¢

1-tledium of air; 2- Argon: 3 - Vacuum
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temperature of heat-treatment
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k.a. Change in the pumber of groupings BOy (Ny,/N3) furing heat-tre:tment

of glass fibre:
I = Glass (mounlith); 2 - ledium of air; 3 - Arton; & ~ Vacuum
b. Absorntion € of ovymen during heat—treatment: l- AKX glass fibreq

2 = lowder of Vi ;lasssg 3 - l'owder of quartz glass
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